Abstract In the present paper, we explore the manner in which nonlinearities modulate El Niño events by investigating the optimal precursory disturbance for El Niño events in the Zebiak-Cane model. The initial anomalies of conditional nonlinear optimal perturbations (CNOPs) and linear singular vectors (LSVs) are investigated. The CNOPs evolve into stronger El Niño events than the LSVs and act as the optimal precursor for El Niño events. By examining the role of nonlinearities in El Niño events induced by CNOPs and LSVs, we determined that, when the initial anomalies of the CNOP and LSV structures are large, the nonlinearities enhance CNOP-El Niño events but suppress LSV-El Niño events. Nonlinearities in the ZebiakCane model arise from nonlinear temperature advection (NTA), sub-surface temperature parameterization (STP), and wind stress anomalies (WSA). Using these types of nonlinearities, we trace the approach of the nonlinearities modulating the CNOP-and LSV-El Niño events. The results demonstrate that nonlinearities that originate from NTA enhance both CNOP-El Niño events and LSV-El Niño events, while nonlinearities originating from STP and WSA suppress these events. For the CNOP-El Niño events, the enhancement effect of NTA is larger than the suppression effect of STP and WSA, resulting in the combined effect of the nonlinearities in the Zebiak-Cane model being an enhancement of the CNOP-El Niño events. However, for the LSV-El Niño events, the enhancement effect of NTA is smaller than the suppression effect of WSA and STP. Consequently, the combined effect of the nonlinearities in the Zebiak-Cane model suppresses the LSV-El Niño events.
Introduction
The El Niño-Southern Oscillation (ENSO) is a global coupled ocean-atmosphere phenomenon. Numerous models have been developed to simulate and predict ENSO events (Suarez and Schopf 1988; Battisti and Hirst 1989; Wang and Fang 1996; Jin 1997a, b; Wang et al. 1999; Kleeman 1993; Rosati et al. 1997) . Although significant achievements have been made in ENSO theories and predictions, forecasting of the ENSO must be further improved (Kirtman et al. 2002; Mu et al. 2007a, b ). An in-depth understanding of the ENSO is a pivotal step in achieving this objective (Neelin 1991; Wang and Fang 1996; Jin 1997a, b; Picaut et al. 1997; Wang 2001) , where one fundamental issue involves addressing the dynamical system in which ENSO operates (Philander 1990; Moore and Kleeman 1996) .
Hypotheses for the ENSO can be loosely grouped into three types. In the first type, El Niño is one phase of a selfsustained, unstable, and naturally oscillatory mode of the coupled ocean-atmosphere system (Zebiak and Cane 1987; Munnich et al. 1991; Timmermann and Jin 2002) . In this scenario, nonlinearity plays an important role in controlling the ENSO (Jin 1997a, b) . In the second type, El Niño is a stable (or damped) mode triggered by random atmospheric ''noises'' (Peland and Sardeshmukh 1995) . Finally, in the third type, El Niño is a self-sustained mode during certain periods, a stable mode during others, or a mixed mode of the two (Wang and Picaut 2004 ). An and Jin (2004) , Rodgers et al. (2004) , and Duan et al. (2004) suggested that the ENSO is a typical nonlinear oscillation system and demonstrated that nonlinearity enhances El Niño and suppresses La Niña and causes the amplitude asymmetry of the ENSO (see also Jin et al. 2003) . Furthermore, An and Jin (2004) and Duan and Mu (2006) demonstrated the nonlinear amplitude asymmetry of the ENSO on an interdecadal time scale. Recently, examined the decaying behavior of El Niño events and illustrated that nonlinearity suppresses the amplitude of El Niño during the decaying phase and favors the decaying of El Niño events; furthermore, the stronger the El Niño event, the more significant the nonlinear effect and the shorter the duration of the decaying phase. These studies emphasized that the ENSO may be controlled by a nonlinear system and fall in the dynamical nonlinearly oscillatory mode of a coupled ocean-atmosphere system. Several types of nonlinearities affect the ENSO (Duan et al. 2008) . For example, in the Zebiak-Cane model, ENSO irregularities are assumed to be modulated by the combined effect of nonlinearities arising from temperature advection, wind stress anomaly, and sub-surface water temperature. It is, however, unclear how these types of nonlinearities interact with each other to influence the ENSO and whether their nonlinear effects display a unified effect for all El Niño events. In this paper, we will attempt to address these questions.
As mentioned above, much research has been devoted to studies of the nonlinearities of the ENSO, in which optimal perturbation approaches have been used to reveal the effect of the nonlinearity on the ENSO (Duan et al. 2004 Duan and Mu 2006) . The so-called optimal perturbation approaches in this study consist of the linear singular vector (LSV; Lorenz 1965 ) and its nonlinear extension: the conditional nonlinear optimal perturbation (CNOP; . A comparison of the CNOP with the LSV can reveal the effect of nonlinearity Mu and Zhang 2006) . The CNOP approach has been applied to study not only the nonlinearities but also the predictability issues of the ENSO Duan and Mu 2006; Mu et al. 2007a, b) . These studies mainly focused on exploring the optimal precursors for ENSO events and the spring predictability barrier phenomenon, and they revealed the effect of nonlinearities. The CNOP has been suggested as a useful tool in revealing the nonlinear characteristics of ENSO dynamics and predictability. To determine the optimal precursor for ENSO, Duan et al. (2004) used the CNOP approach and demonstrated that the CNOP, rather than the LSV, has the highest likelihood to develop into an El Niño event and acts as the optimal precursor for El Niño events. However, the model adopted by Duan et al. was a conceptual one (Wang and Fang 1996 ; WF96) using only two variables: NIÑ O-3 SSTA (the SSTA averaged over the Niño-3 region) and the thermocline depth anomaly (averaged over the Niño-3 region). Consequently, the spatial structure of the optimal precursors for ENSO events could not be explored. Furthermore, the WF96 model only considered the nonlinearities arising from temperature advection and could not be used to study how the different types of nonlinearities described previously interact with each other to influence the ENSO. In the present paper, we will apply the physics of the CNOP as an optimal precursor for El Niño events in the Zebiak-Cane model of intermediate complexity to reveal the spatial pattern of the optimal precursor for El Niño events, and compare the results with those of the LSV to study the effect of nonlinearity on El Niño events; new results are anticipated.
The paper is organized as follows. In Sect. 2, the Zebiak-Cane model is described. Section 3 presents a brief review of the CNOP approach. In Sect. 4, we present the CNOPs of the climatological annual cycle and demonstrate that the CNOPs are most likely to evolve into El Niño events. The effect of nonlinearity on the El Niño events induced by the CNOP and the LSV is revealed in Sect. 5. Finally, a discussion of the results and the conclusions of this study are presented in Sect. 6.
The Zebiak-Cane model
The Zebiak-Cane model was the first coupled oceanatmosphere model to simulate the observed ENSO interannual variability and has provided a benchmark in ENSO research for over two decades. The Zebiak-Cane model has been widely used in ENSO predictability studies (Zebiak and Cane 1987; Blumenthal 1991; Xue et al. 1994; Chen et al. 2004; Tang et al. 2008) . The model is composed of a Gill-type steady-state linear atmospheric model and a reduced-gravity oceanic model, which depict the thermodynamics and atmospheric dynamics of the tropical Pacific with oceanic and atmospheric anomalies near the mean climatological state specified from observations (see Zebiak and Cane 1987) .
The atmospheric dynamics are described by the steadystate linear shallow water equations on an equatorial beta plane. The circulation is forced by a heating anomaly that depends partially on local heating that is associated with SST anomalies and partially on low-level moisture convergence (parameterized in terms of the surface wind convergence; Zebiak 1986) . In this anomaly, convergence feedback is a nonlinear process because the moisturerelated heating occurs only when the total wind field is convergent, which depends not only on the calculated convergence anomaly but also the specified mean convergence. The important effect of the feedback is to focus the atmospheric response to the SST anomalies in or near the regions of mean convergence, particularly the Intertropical Convergence Zone and the Southern Pacific Convergence Zone.
The thermodynamics of this phenomenon are governed by an evolution equation of the SSTA in the tropical Pacific that includes three-dimensional temperature advection by the specified mean currents and the calculated anomalous currents. The assumed surface heat flux anomaly is proportional to the local SST anomaly and constantly adjusts the temperature field toward its climatological mean state, which is specified through observation.
In the model, the atmosphere is first run with the specified monthly mean SST anomalies to simulate monthly mean wind anomalies. Next, the ocean component is enforced by surface wind stress anomalies that are generated from a combination of surface wind anomalies produced by the atmosphere model and the background mean winds.
Conditional nonlinear optimal perturbation
The CNOP is an initial perturbation that satisfies a given constraint and has the largest nonlinear evolution at the prediction time (described below). The CNOP approach is a natural generalization of the LSV approach to a nonlinear system. For convenience, we briefly review the CNOP approach.
Let M t 0 ;t be the propagator (i.e., the numerical model) of a nonlinear model from initial time t 0 to t. u 0 is an initial perturbation superimposed on the basic state U(t), which is a solution to the nonlinear model and satisfies U(t) = M t (U 0 ), with U 0 being the initial value of basic state U(t).
For a selected norm ||Á||, an initial perturbation u 0d is defined as a CNOP if and only if
where u 0 k k d is the initial constraint defined by the selected norm ||Á||. The norm ||Á|| also measures the evolution of the perturbations. We can also investigate situations in which the initial perturbations belong to other types of functional sets. Furthermore, the constraint condition could reflect physical laws that the initial perturbation should satisfy.
For the constraint bound d, its values should be roughly accordant with the magnitudes of realistic initial perturbations. For example, an El Niño event is thought to be onset when the Niño-3 indices being larger than 0.5°C persist for more than 3 months; the initial precursory disturbance of El Niño events should therefore ensure that the Niño-3 indices do not exceed 0.5°C. That is to say, the value of d, as a bound of magnitudes of initial precursory disturbances for El Niño events, ought to guarantee that the initial Niño-3 indices are less than 0.5°C when we use the CNOP approach to investigate the precursor for El Niño events (Duan et al. 2004) . For the optimization period [t 0 , t], its length t -t 0 should be of appropriate magnitude for a nonlinear dynamical system. If the length of the optimization period is too long, the objective function J in the optimization problem (3.1) may be non-smooth due to the strong sensitivity of nonlinearity on initial perturbations, then resulting in the numerical optimizations being difficult to reach the maximum.
The CNOP is characterized by maximum nonlinear evolution of initial perturbations satisfying the given constraint condition Mu and Zhang 2006) . The CNOP possesses clear physical meanings ). As mentioned in the introduction, Duan et al. (2004) demonstrated that when the objective function measures the maximum evolution of sea surface temperature anomalies (SSTA) for the ENSO, the resulting CNOP, superimposed on the climatological basic state, acts as the initial anomaly that is most likely to evolve into an El Niño event and represents the optimal precursor to El Niño. The CNOP can also be used to study the initial error with the largest effect on the prediction result at the prediction time . In sensitivity analysis studies, the CNOP may represent the least stable mode and can be used to study target observations ).
To compute the CNOP, Eq. (1) must be solved. However, Eq. (1) is a maximization problem, and a method to calculate it directly is currently unavailable. However, several methods are available for calculating minimization problems. Therefore, Eq. (1) was transformed into a minimization problem by considering the negative of the cost function. Accordingly, such methods as Spectral Projected Gradient 2 (SPG2; Birgin et al. 2000) , Sequential Quadratic Programming (SQP; Powell 1982) and Limited Memory Broyden-Fletcher-Goldfarb-Shanno (L-BFGS; Liu and Nocedal 1989) could be used to compute the CNOP. In these methods, the gradient of the modified cost function is necessary; furthermore, the adjoint of the corresponding model is usually used to obtain the gradient. With this gradient information, employing these methods with initial estimations can determine the minimum of the modified cost function (i.e., the maxima of the cost function in Eq. (1)) along the descending direction of the gradient. In phase space, the point corresponding to the minimum of the modified cost function is the CNOP defined by Eq. (1). In the current paper, we use the SPG2 method to obtain the CNOPs of the Zebiak-Cane model.
To obtain a CNOP, we attempted more than 30 initial random perturbation estimates; if several initial guesses converged to a point in the phase space, this point would be considered a minimum in a given neighborhood. Thus, several points were obtained, and the point that provided the largest cost function in Eq. (1) was considered to be the CNOP.
CNOPs of the climatological annual cycle in the Zebiak-Cane model
The interannual variations of the coupled system in the core region of the ENSO can be theoretically described by SST and thermocline variations in the Niño-3 region and the wind anomaly over the central Pacific (WF96). Wang et al. (1999) demonstrated that the ENSO displays not only eastern Pacific anomaly patterns but also western Pacific anomaly patterns. Therefore, to utilize the Zebiak-Cane model to determine the optimal precursory disturbance for El Niño events using the CNOP approach, we consider the components of SSTA and thermocline depth anomaly in initial conditions and use a norm associated with the SSTA over the entire tropical Pacific to measure the amplitude of the developed SSTA. Based on these considerations, we select the norm jjTðsÞjj 2 ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi P i;j ðT i;j ðsÞÞ 2 q to measure the evolution of the SSTA associated with El Niño events. Here, T(s) represents the evolution of the SSTA at future time s and is obtained by integrating the Zebiak-Cane model from 0 to s with initial anomaly (T 0 , h 0 ). T i,j is the SSTA at the grid point (i, j) in the domain of the tropical Pacific with the latitude and longitude from 129.375 E to 84.375 W by 5.6258 and from 19 S and 19 N by 28, respectively. Using this measurement, we define the objective function associated with the aforementioned CNOP u 0d as follows:
2 h 0 Þ is a non-dimensional SSTA and thermocline depth anomaly. w 1 = 2°C and w 2 = 50°m are the characteristic scales of the SST and thermocline depth. jju 0 jj 1 d is the constraint condition defined by a prescribed positive real number d and the norm jju 0 jj 1 ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi P
, where T 0i,j and h 0i,j represent the dimensional SSTA and thermocline depth anomaly at different grid points, respectively.
Next, we compute the CNOPs in the Zebiak-Cane model. We choose the optimization periods of s = 3, 6, 9, 12 months and the initial times of January, April, July and October to calculate the CNOPs superimposed on the climatological annual cycle of the Zebiak-Cane model. The constraint bound d (see Eq. (2)) is experimentally predetermined as 0.6, 0.8, 1.0, 1.2, and 1.4, which makes that the initial SSTA at each grid point does not exceed 0.5°C and then the initial Niño-3 index is ensured to be less than 0.5°C. It is shown that for each value of d, regardless of what the initial time is, there exists one CNOP for each optimization period. All of these CNOPs are on the boundary of the corresponding constraint condition jju 0 jj 1 d. That is, the magnitudes of the CNOPs in terms of the chosen norm are always equal to the values of d. These CNOPs consist of two components: the SSTA and the thermocline depth anomaly. Furthermore, they exhibit similar large-scale patterns of SST and thermocline depth anomalies. In particular, the SSTA components of the CNOPs have a zonal dipolar pattern with positive anomalies in the equatorial eastern Pacific and negative anomalies in the equatorial central-western Pacific, and the thermocline depth anomaly components tend to be positive along the equator. Figure 1 presents a plot of the SSTA and thermocline depth anomaly components for the CNOPs with January as the initial time, 3 months as the optimization period, and d = 0.6 as the constraint bound. Figure 2 plots the CNOP of the optimization period 12 months and the constraint bound 1.0. It is obvious that the SSTA component of the CNOPs exhibits a strong equatorial eastern-western thermal contrast and is most favorable for a strong westerly anomaly; the thermocline depth anomaly component is positive along the equator and indicates initial warm subsurface water, thereby causing the temperature of the upwelled water to become warmer. Such CNOPs conditions are favorable for the occurrence of an El Niño event.
To verify this inference, we further investigate the evolution of the CNOPs. Integrating the Zebiak-Cane model for one model year with the CNOPs as the initial anomalies provides the SSTA component of the evolution patterns of the CNOPs with lead times of 3, 6, 9, and 12 months and the corresponding thermocline depth and wind stress anomalies. We determine that the CNOPs with d = 0.6, 0.8, 1.0, 1.2, 1.4, independent of the initial times and optimization periods, evolve into El Niño-like modes. Furthermore, these CNOPs often attain the SSTA peak at the end of year (i.e., the period from October to December). For example, Fig. 3 presents the evolution patterns of the CNOP of d = 1.0 with January as the initial time and 12 months as the optimization period. The results demonstrate that the initial anomaly of the CNOP structure induces westerly anomalies and increasing thermocline depth in the eastern Pacific, which finally causes an El Niño event. To facilitate the description, we refer to these El Niño events as ''CNOP-El Niño events''. Table 1 lists the Niño-3 SSTA peak values of the CNOP-El Niño events with the initial time January, which indicate the intensities of the El Niño events. From Table 1 , it can be observed that when the values of d increase from 0.6 to 1.4, the intensities of the CNOP-El Niño events tend to become much stronger. For other initial times, we obtain similar results (the details are omitted here).
CNOP is a nonlinear extension of the linear singular vector (LSV, which is the fastest growing perturbation in the linearized model). For comparison, we compute the LSVs of the linearized Zebiak-Cane model for optimization periods of 3, 6, 9, and 12 months and initial times of January, April, July, and October, respectively. We note that if u 0L is an LSV, the vectors cu 0L (c is a real number) are also LSVs with the same growth rate as the LSV u 0L . The positive or negative values of c will determine the evolution of the LSV cu 0L . For example, if the LSV u 0L develops into an El Niño event, its opposite pattern, u 0L (also an LSV), could evolve into a La Niña event (see Duan et al. 2004 ). The CNOPs differ from the LSVs. If u 0 is a CNOP, cu 0 may not be a CNOP because of the effect of the nonlinearities. Therefore, a given CNOP should be compared with the LSV with the same magnitude and sign as the CNOP. For this reason, we define a scaled LSV as follows:
Thus,û 0L k k ¼ u 0d k k. If the sign of the LSV u 0L is opposite to (or the same as) that of the CNOP u 0 , the ''N'' in Eq. (3) is equal to 1 (or 2). Then, the CNOP u 0 and the scaled LSVû 0L have the same signs and magnitudes. The following comparison between the CNOP and the LSV is conducted under this condition.
Computation demonstrates that the LSVs exhibit similar large-scale patterns for different initial time points and optimization periods with the SST component of the positive anomalies in the equatorial eastern Pacific and of the negative anomalies in the equatorial central-western Pacific and with the thermocline depth component of the positive anomalies along the equator. As examples, we plot in Figs. 1 and 2 the corresponding LSVs. It is clear that the CNOPs and the scaled LSVs exhibit similar large-scale patterns. However, the LSVs, particularly for the large value of d (the large magnitude of the initial anomalies) and the long optimization period, cover a slightly narrower region with a relatively weaker eastern-western thermal contrast and a relatively smaller but positive thermocline depth anomaly. In the Zebiak-Cane model, the LSVs often evolve into El Niño events (the figure is omitted). For convenience, we refer to these LSV-related El Niño events as ''LSV-El Niño events''. The LSV-El Niño events, particularly for those related to the LSVs with large magnitudes and long optimization periods, are often weaker than the corresponding CNOP-El Niño events (see Table 1 ). Therefore, particularly for the CNOPs with large magnitudes, it is inferred that the initial anomalies of the CNOP will clearly be more likely to develop into an El Niño event than the anomalies of the LSV. The initial anomalies of the CNOP structure may act as the optimal precursor for El Niño events. CNOPs are derived from a nonlinear model, whereas LSVs originate from the linearized version of the nonlinear model. The differences between the patterns of the CNOPs with large magnitudes and long optimization periods and those of the LSVs result from the effects of the nonlinearities, finally causing the difference in the intensities of the CNOP-and LSV-El Niño events. This outcome indicates that the El Niño events caused by the CNOPs with larger magnitudes and longer optimization periods are more significantly affected by nonlinearities. How do nonlinearities affect El Niño events? As described in the introduction, several studies have demonstrated that nonlinearities enhance El Niño events (An and Jin 2004; Duan and Mu 2006) . However, in the current paper, we describe a different view based on the CNOP-and LSV-El Niño events in the Zebiak-Cane model. We demonstrate that nonlinearities enhance the CNOP-El Niño events but suppress the LSV-El Niño events (see Sect. 5). Thus, it is possible that certain El Niño events are enhanced by nonlinearities, whereas other El Niño events are suppressed by them. In the next section, we will illustrate this idea by examining the CNOP-and LSV-El Niño events in the Zebiak-Cane model.
To address the behavior of nonlinearities modulating El Nino events, we choose magnitudes of initial perturbations and lengths of optimization periods that should be favorable for revealing the effect of nonlinearities. As shown above, for small values of d and short optimization times, the CNOP and LSV patterns are trivially different, and the intensities of the CNOP-and LSV-El Niño events are almost the same. Furthermore, we also conduct numerical experiments to determine whether an optimal constraint bound d exists that induces the largest growth rate of developed SSTA caused by the CNOPs and find that the smaller the values of d, the larger the growth rate (the details are omitted). That is to say, for d ranging from 0.6 to 1.4, the growth rate is the largest when d = 0.6. However, for this small value of d, as mentioned above, the resultant CNOP and LSV patterns are very similar and cannot reveal the effect of nonlinearities. In fact, the LSVs just describe the initial perturbations that have the largest growth rate for the developed SSTA under the condition that the initial perturbations are sufficiently small and the optimization periods are sufficiently short . That is to say, for the sufficiently small initial perturbations and optimization periods, the CNOPs may be approximated by LSVs. In this case, the effect of nonlinearity is very small. This paper focuses on the effect of nonlinearities on El Niño's dynamical behavior. Therefore, we adopt large values of d and long optimization periods to obtain the CNOPs, which, as demonstrated in last few paragraphs, creates the largest differences between CNOP and LSV and contributes to testing the effect of nonlinearities. In particular, in this paper, we choose an optimization period of 12 months. Meanwhile, we observe that when the optimization period is 12 months, the CNOP-El Niño events tend to possess the same intensities (i.e., the Niño-3 indices at the peak phase converge to approximately 3.8°C) when the initial constraint d is larger than 1.0 (see Table 1 ). Furthermore, in numerical experiments, we find that the results of d = 1.0 are similar to those of d = 1.2 and 1.4 (the details are omitted). Therefore, in the next section, we choose the CNOPs with the initial constraint bound d = 1.0 and the optimization period of 12 months to address the behaviors of the nonlinearity that modulates El Niño events.
To find the optimal precursor for El Nino events, the choice of the magnitudes of initial anomalies (i.e., values of d) should physically require the initial SSTA at each grid point to be less than 0.5°C, and then the initial Niño-3 index will be less than 0.5°C. The constraint condition jju 0 jj 1 d with d = 1.0 chosen in this paper satisfies this requirement, which implies that the initial SSTA and thermocline depth anomaly measured by the selected norm do not exceed 1.0 (a dimensional SSTA of 2.0°C and a thermocline depth anomaly of 50 m). Furthermore, the results obtained from d = 1.0 are similar to those for d = 1.2 and 1.4 (see last paragraph). However, for much large values of d, the resultant CNOPs have initial SSTA values that are larger than 0.5°C, which may indicate an El Niño event has begun. In this case, treating the corresponding CNOPs as precursors for El Niño events does not make sense. Therefore, we do not adopt much larger values of d to study the effect of nonlinearity. These discussions physically elucidate the choice of the values of the constraint bound d used in the next section.
How do the nonlinearities modulate the CNOP-and LSV-El Niñ o events?
We integrate the Zebiak-Cane model and its linearized version with the CNOPs of d = 1.0 and an optimization period of 12 months as the initial conditions and derive the CNOP-El Niño events (Fig. 3 ) and the evolution of the CNOPs in the linearized Zebiak-Cane model. For simplicity, we refer to the evolution of the CNOP in the linearized Zebiak-Cane model as the linearized CNOP-El Niño event. It is inferred that the differences between the CNOP-El Niño event and the linearized CNOP-El Niño events could reveal the effect of nonlinearities on the CNOP-El Niño events. Table 2 presents the intensities of the CNOP-El Niño events and their linearized CNOP-El Niño events. The CNOP-El Niño events are often observed to be stronger than the linearized CNOP-El Niño events. The result indicates that the nonlinearities in the ZebiakCane model enhance the linearized CNOP-El Niño events, which corresponds to the results of previous studies (see introduction). However, for the LSV-El Niño events, the nonlinearities exhibit different effects compared with the CNOP-El Niño events. For the LSV-El Niño events, we performed numerical experiments similar to those performed for the CNOP-El Niño events. We integrate the Zebiak-Cane model and the linearized Zebiak-Cane model with the LSVs (whose magnitudes are the same as those of the CNOPs) as the initial anomalies and obtain the LSV-El Niño events and the linearized LSV-El Niño events. The results demonstrate that the Niño-3 SSTAs of the linearized LSV-El Niño events are typically larger than those of the LSV-El Niño events (see Table 3 ), indicating that the nonlinearities often suppress the linearized LSV-El Niño events.
For different El Niño events, the nonlinearities may modulate the events in a different manner. As demonstrated above, the CNOP-El Niño events are often stronger than the linearized CNOP-El Niño events. Therefore, the nonlinearities enhance the linearized CNOP-El Niño events, whereas the LSV-El Niño events are typically weaker than the linearized LSV-El Niño events (i.e., the nonlinearities suppress the linearized LSV-El Niño events). In the Zebiak-Cane model, the nonlinearities result from three factors: temperature advections, sub-surface temperature parameterization, and wind stress anomalies. For these types of nonlinearity, it is necessary to address the manner with which each type of nonlinearity modulates El Niño events and which type of nonlinearity plays a dominant role.
To address these questions, we perform two groups of sensitivity experiments. One group is associated with the CNOP-El Niño events. The other group is related to the LSV-El Niño events. In these two groups of experiments, we adopt the differences between the temperature advections (subsurface temperature and wind stress anomalies) in the Zebiak-Cane model and those in the linearized ZebiakCane model and use their signs to indicate the tendency of the effect of the nonlinearities in the temperature advections (subsurface temperature parameterization and wind stress anomalies) on the El Niño events (see the Appendix).
To facilitate the discussion, we denote the nonlinear effect of the temperature advection as NTA, that of the subsurface temperature parameterization as STP, and that of the wind stress anomalies as WSA.
In the first group of experiments (the CNOP-El Niño events), the nonlinear terms associated with NTA, WSA, and STP in the Zebiak-Cane model are linearized, whereas the other two nonlinear terms remain unchanged. Accordingly, we obtain three partially linearized Zebiak-Cane models with linearized NTA, a linearized WSA and linearized STP. For convenience, the three partially linearized models are denoted as the L-NTA, L-WSA, and L-STP models. Integrating these models for 1 year with the CNOPs as the initial conditions, we obtain the corresponding partially linearized CNOP-El Niño events, i.e., the NTA-linearized, WSA-linearized, and STP-linearized CNOP-El Niño events. We determined that the CNOP-El Niño events are often stronger than the NTA-linearized CNOP-El Niño events but weaker than the WSA-and STPlinearized CNOP-El Niño events (see Table 2 ). In Fig. 4 , we plot the evolution patterns of the NTA-, STP-, and WSA-linearized CNOP-El Niño events for the initial time of January. In Fig. 5 , we illustrate the time evolution of the Niño-3 SSTA (or the Niño-3 index) for these El Niño The nonlinearities associated with temperature advection, i.e., NTA, which is measured by the differences between the temperature advections (including the linear and nonlinear temperature advection terms; see the Appendix) in the Zebiak-Cane model and those in the L-NTA model (see the Appendix), induce a positive effect of nonlinearity during El Niño development (see the left column in Fig. 6 ) and therefore enhance the El Niño events. Physically, the NTA is predominantly related to the anomalous zonal SST gradient and the anomalous vertical temperature gradient (see Wang and Fang 1996) . Duan et al. (2008) demonstrated that both the anomalous zonal SST difference and the vertical temperature difference tend to increase with the development of El Niño, and the NTA gradually increases. Thus, during an El Niño event, when the SSTA increases, the warming in the eastern Pacific increases the zonal SST difference and the anomalous westerly, which weaken the anomalous upwelling. The weak anomalous upwelling acts on the increasing anomalous vertical temperature difference and favors the strengthening of El Niño, which implies that nonlinearities in the NTA enhance El Niño. The WSA tends to be positive during an El Niño event, that is, a westerly anomaly. However, the nonlinearity of the WSA, which is measured as the difference between the WSA in the Zebiak-Cane model and that in the L-WSA model (see the Appendix), presents an easterly effect (see the right column in Fig. 6 ), which weakens the westerly anomaly and favors a weaker El Niño event. In other words, the nonlinearities in the WSA suppress El Niño. Meanwhile, we find that the linearized subsurface temperature (i.e., the STP in the L-STP model) for El Niño is higher than in the Zebiak-Cane model (see the middle column in Fig. 6 ). Specifically, the subsurface temperature increases because of the Fig. 5 The time evolutions of the Niño-3 SSTA for a CNOPEl Niño events, linearized CNOP-El Niño events, and NTA-, STP-, and WSAlinearized CNOP-El Niño events with the initial time of January and b LSV-El Niño event, linearized LSV-El Niño events, and NTA-, STP-, and WSA-linearized LSV-El Niño events. When the Niño-3 SSTA of the CNOP-El Niño event becomes gradually large after August, the CNOP-El Niño event is significantly stronger (weaker) than the NTAlinearized CNOP-El Niño events but slightly weaker than the WSA-and STP-linearized CNOP-El Niño events, which indicates that the NTA strongly enhances the El Niño events, whereas the WSA and STP slightly suppress it. For the LSV-El Niño events, although the NTA also enhances them and the WSA and STP suppress them when the Niño-3 SSTA of the LSV-El Niño event becomes gradually large after September, the amplitude of the NTAlinearized LSV-El Niño event, which is weaker than the LSVEl Niño event, is significantly smaller than that of the NTAlinearized CNOP-El Niño event, which is weaker than the CNOP-El Niño event. This fact indicates that the enhancement of the NTA in the linearized LSV-El Niño events is smaller than the combined effect of the suppression from the nonlinearities of the WSA and STP, which finally leads to a combined effect of the three types of nonlinearities that suppresses the LSV-El Niño event linearization. As a result, the temperature of the upwelled water is higher in the L-STP model, which will cause a much stronger El Niño event in comparison with the Zebiak-Cane model. Additionally, the nonlinearities related to the STP suppress El Niño. The differences of the intensities between the CNOP-El Niño events and the linearized CNOP-El Niño events indicate that the combined effect of the three types of nonlinearity enhances the linearized CNOP-El Niño event. Therefore, it is inferred that the enhancement of the NTA in the linearized CNOP-El Niño events is considerably larger than the combined effect of the suppression from the nonlinearities of the WSA and STP. This result can be observed in Figs. 4 and 5. In fact, the El Niño-like events in the L-NTA model (i.e., the NTA-linearized CNOP-El Niño events) are significantly weaker than the CNOP-El Niño events, whereas the El Niño-like events in the L-STP and L-WSA models (i.e., the STP-and WSA-linearized CNOP-El Niño events) are slightly stronger than the CNOP-El Niño events. The NTA significantly enhances El Niño events. However, the STP and WSA slightly suppress El Niño events, resulting in a combined effect in the Zebiak-Cane model that enhances the linearized CNOP-El Niño events. The NTA plays a dominant role in shaping how nonlinearities modulate the CNOP-El Niño events.
The second group of experiments examines the LSV-El Niño events (see Table 3 and Fig. 5 ). We demonstrate that although the NTA in the LSV-El Niño case favors stronger El Niño events and the WSA and STP favor weaker El Niño events, the combined effect of the WSA and STP is more significant than the effect of the NTA when the Niño-3 SSTA evolves to become large. The enhancement of the NTA on the linearized LSV-El Niño events is weaker than the combined suppressive effect of the WSA and STP. Consequently, the combined effect of the nonlinearities in the Zebiak-Cane model is the suppression of the linearized LSV-El Niño events. The combined effect of the STP and the WSA plays a significant role in determining how nonlinearities modulate the LSV-El Niño events.
In summary, the NTA enhances the evolution of El Niño events, whereas the WSA and the STP tend to suppress El Niño events. In particular, for the CNOP-El Niño events, the effect of the NTA on El Niño events is significantly larger than that of the combined effect of the WSA and the STP, resulting in the increased strength of the CNOP-El Niño events relative to the linearized CNOP-El Niño events. However, for the LSV-El Niño events, the effect of the NTA on El Niño events is weaker than the combined effect of the WSA and the STP, which results in the decreased strength of the LSV-El Niño events relative to the linearized LSV-El Niño events.
Conclusions and discussions
In the context of an intermediate Zebiak-Cane model, the effects of nonlinearities on ENSO events are investigated by exploring optimal precursory disturbances. We first compute the CNOP and the LSV of the climatological annual cycle in the Zebiak-Cane model and observe the differences in their patterns. The CNOP consists of the components of the SSTA and the thermocline depth anomalies. The SSTA contains a strong eastern-western thermal contrast with positive anomalies in the equatorial eastern Pacific and negative anomalies in the equatorial central-western Pacific, which have the potential to create a strong westerly anomaly. The thermocline depth anomaly component is positive along the equator and indicates initial warm subsurface water, which favors increases in the temperature of the upwelled water. Such conditions for the CNOP strongly favor the onset of an El Niño event. The LSV has a structure similar to that of the CNOP but covers a slightly narrower region because of the absence of nonlinearities, particularly for the LSVs with large magnitudes. The LSV is derived from the SSTA component with relatively weak eastern-western thermal contrasts and relatively low subsurface temperatures, which induce a relatively weak westerly anomaly and lead to weaker El Niño events compared with the CNOP. Therefore, the CNOP, rather than the LSV, may be the optimal precursory disturbance of El Niño events. The CNOP and the LSV, as two initial anomalies, evolve into two El Niño events with different intensities, i.e., the CNOP-and LSV-El Niño events. We observe that nonlinearities affect the CNOP-El Niño and LSV-El Niño events in different manners. Specifically, nonlinearities enhance the CNOP-El Niño events but suppress the LSVEl Niño events. The nonlinear effect on the El Niño events in the Zebiak-Cane model results from temperature advection (NTA), subsurface temperature parameterization (STP), and wind stress anomalies (WSA). By exploring the role of these nonlinearities in modulating El Niño events, we determined that the NTA enhances El Niño events, whereas the WSA and the STP tend to have a suppressive effect on them. In particular, for the CNOP-El Niño events, the enhancement effect of the NTA is stronger than the combined suppression effect of the WSA and the STP, thereby causing the CNOP-El Niño events to possess larger amplitudes than the linearized CNOP-El Niño events. The NTA plays a dominant role in modulating the CNOP-El Niño events. However, for the LSV-El Niño events, the combined suppression effect of the WSA and the STP is larger than the enhancement effect of the NTA during the growth phase of the linearized LSV-El Niño event. Thus, the linearized LSV-El Niño event is suppressed by the nonlinearities observed during its growth phase.
Considering that the ENSO is related to the eastern and western Pacific anomaly patterns, in this paper, we use the norm associated with the SSTA over the entire tropical Pacific to measure the amplitude of the developed SSTA in the attempt to obtain the CNOPs. Additionally, in numerical experiments, we examine the CNOPs with the Niño-3 index as a measurement of the developed SSTA. We find that the CNOPs with these two measurements are highly similar. Furthermore, the corresponding LSVs, particularly for those with large magnitudes and long optimization periods, cover a slightly narrower region with a relatively weaker eastern-western thermal contrast and a relatively smaller but positive thermocline depth anomaly. It is inferred that the resulting effect of the nonlinearities on El Niño obtained by the norm associated with the SSTA over the entire tropical Pacific will be similar to the effect that is identified by the measurement of the Niño-3 index. In fact, the El Niño events in the Zebiak-Cane model are most sensitive to the SSTA in the Niño-3 region, and the evolutions of these El Niño events are dominated by the positive SSTA in the Niño-3 region despite the existence of the western Pacific anomalies (Wang et al. 1999 ). Therefore, although we adopt the norm associated with the SST anomalies over the entire tropical Pacific, results similar to the measurement of the Niño-3 index are expected to be obtained. For the sake of simplicity, in this paper, we only show the results of the norm associated with the SSTA over the entire tropical Pacific.
To address the effect of nonlinearities on El Niño events, we adopt the CNOPs and LSVs with large magnitudes, e.g., d = 1.0, and long optimization periods, e.g., 12 months. Additionally, in numerical experiments, we examine the CNOPs and LSVs with different magnitudes (values of d) and optimization periods and demonstrate that when their magnitudes are much larger (for example, d = 1.2, 1.4), the effect of nonlinearities on their induced El Niño events are similar to that of the El Niño events associated with d = 1.0. That is, nonlinearities enhance the CNOP-El Niño events but suppress the LSV-El Niño events. Furthermore, we also demonstrate that when the initial constraints d are sufficiently small and the optimization periods are sufficiently short, the CNOPs and LSVs exhibit almost identical patterns, and consequently the CNOP-and LSV-El Niño events possess almost the same intensity. Moreover, CNOP-and LSV-El Niño events with small values of d are much weaker than those with large values of d. In this case, although nonlinearities still enhance the CNOP-El Niño events and suppress the LSVEl Niño events, the amplitudes of the nonlinear effects are negligible, causing the CNOPs and LSVs to be nearly identical and the CNOP-and LSV-El Niño events to possess almost the same intensities. This paper focuses on the investigation of the different behaviors of the nonlinearities that modulate CNOP-and LSV-El Niño events. Furthermore, the nonlinearities are typically associated with strong El Niño events. Therefore, to ensure that the corresponding El Niño events are sufficiently strong to reveal the effect of the nonlinearities, we selected a relatively large value of d (i.e., d = 1.0) to obtain CNOPs and LSVs as well as CNOP-and LSV-El Niño events with sufficiently large intensities. For optimization periods longer than 12 months (for example, 15 months), we also test the results. We find that the 30 initial perturbation estimates in the optimization solver did not converge to any point in phase space (see Sect. 3) and then fail to reach a CNOP. The possible reason is that the sensitivity of nonlinearity to initial perturbations is sufficiently strong for much long optimization periods such that the objective function associated with CNOPs becomes non-smooth and the numerical optimization is then difficult to capture the minimum. Therefore, in the current paper we choose optimization period as 12 months to address the effect of nonlinearity on El Niño events.
Other studies have used the Zebiak-Cane model to study LSVs (Xue et al. 1997; Cheng et al. 2009 ). Cheng et al. (2009) considered only the initial uncertainties in the SSTA and calculated LSVs. The LSVs in the study by Cheng et al. (2009) are highly similar to the SSTA component of the LSVs with a combined mode of the SSTA and thermocline depth anomaly presented in this paper. That is, the SSTA displays a large-scale dipolar pattern with negative anomalies in the central-western Pacific and positive anomalies in the eastern Pacific. The present study further investigates the pattern of the thermocline depth anomaly component and its role in El Niño development. In addition, the LSVs in the study by Cheng et al. (2009) are used to study the error growth associated with ENSO predictability, whereas those in the present study are adopted to study the optimal precursory disturbance of El Niño events. Furthermore, the present study, considering the linearity of a singular vector, used CNOP to investigate the optimal precursors of El Niño events and identify the effect of nonlinearity. In any case, the similarities between the LSVs in the study by Cheng et al. (2009) and those in the present study establish the reasonability of this study.
In addition, Xue et al. (1997) considered the initial uncertainties of the SSTA, the thermocline depth anomaly, and wind and obtained LSVs superimposed on an annual cycle. On a large spatial scale, these LSVs display patterns that are similar to those in the present study. However, certain differences are present on much smaller spatial scale. Such differences may result from the different norms used to measure the growth of the perturbation in these two studies. Which norm is more physically reasonable is an open question that should be investigated in the future. Another possible reason for the differences is that the algorithms used for computing the LSVs are different in the two studies. Nevertheless, for the norm adopted in the present study, we randomly selected a large number of initial perturbations in the neighborhood of the LSVs (or the CNOPs) to perform the sensitivity experiments and observed that the LSVs (or the CNOPs) grow much faster than these perturbations in the linearized Zebiak-Cane model (or the Zebiak-Cane model). The LSVs (or the CNOPs) in the present study could be the initial anomalies that are most likely to evolve into El Niño events in the linearized Zebiak-Cane model (or the Zebiak-Cane model); i.e., the sensitivity experiments demonstrate that the CNOPs and the LSVs are the optimal perturbation in the ZebiakCane model and its linearized model, respectively. Furthermore, the CNOPs and the LSVs are physically acceptable.
As described above, in this paper, we use the ZebiakCane model of intermediate complexity to study the behavior of nonlinear effects on El Niño events. The results indicate that the nonlinearities enhance certain El Niño events but suppress others. The simplicity of the adopted model may limit its ability to simulate real systems. Thus, the resultant nonlinear behaviors associated with El Niño events are indicative of real systems. Furthermore, because the main characteristics of La Niña events, e.g., the phaselocking characteristic, cannot be well modeled by the Zebiak-Cane model , no attempt has been made in the present study to investigate the corresponding problem for La Niña events. To validate the results of this paper, it would be interesting to examine the nonlinear behaviors in models of higher complexity, such as full GCMs, and to perhaps use the observation data.
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